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ABSTRACT
Context. Galactic black-hole X-ray binaries (BHBs) emit a compact, optically thick, mildly relativistic radio jet when they are in the
hard and hard-intermediate states. In these states, BHBs exhibit a correlation between the time lag of hard photons with respect to
softer ones and the photon index of the power law component that characterizes the X-ray spectral continuum above ∼ 10 keV. The
correlation, however, shows large scatter. In recent years, several works have brought to light the importance of taking into account
the inclination of the systems to understand the X-ray and radio phenomenology of black-hole binaries.
Aims. Our objective is to investigate the role that the inclination plays on the correlation between the time lag and the photon index.
Methods. We have obtained RXTE energy spectra and light curves of a sample of black-hole binaries with different inclination
angles. We have computed the photon index and the time lag between hard and soft photons and have performed a correlation and
linear regression analysis of the two variables. We have also computed energy spectra and light curves of black-hole binaries using the
Monte Carlo technique that reproduces the process of Comptonization in the jet. We account for the inclination effects by recording
the photons that escape from the jet at different angles. From the simulated light curves and spectra we have obtained model-dependent
photon index and time lags that we have compared with those obtained from the real data.
Results. We find that the correlation between the time lag and the photon index is tight in low-inclination systems and becomes
weaker in high-inclination systems. The amplitude of the lags is also larger at low and intermediate inclination angles than at high
inclination. We also find that the photon index and the time lag, obtained from the simulated spectra and light curves, also follow
different relationships for different inclination angle ranges. Our jet model reproduces the observations remarkably well. The same
set of models that reproduces the correlation for the low-inclination systems, also accounts for the correlation for intermediate- and
high-inclination systems fairly well.
Conclusions. The large dispersion observed in the time lag - photon index correlation in BHBs can naturally be explained as an
inclination effect. Comptonization in the jet explains the steeper dependence of the lags on the photon index in low/intermediate-
inclination systems than in high-inclination ones.
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1. Introduction
Observations over more than 30 years have revealed a common
phenomenology in the X-ray properties of Galactic black-hole
binaries (BHB). Most of them are transient sources that become
active during a short period of time (several months) compared
to the time they are in an off state (years). The realization that
the source goes through different states during outbursts repre-
sents an important step forward in our understanding of the ob-
servational properties of BHBs. Each state is characterized by
certain spectral (e.g., slope of the X-ray spectral continuum)
and temporal (e.g., shape of the power spectral density, fre-
quency of quasi-periodic oscillations) parameters, which vary
smoothly within a given state, but may show sudden changes
when the source changes state. An effective way to separate the
observations into states is to plot the hardness - intensity dia-
gram (HID). A BHB traces a q-shaped curve as the outburst
progresses (Homan & Belloni 2005; Remillard & McClintock
2006; Belloni 2010). Roughly speaking, the left and right
branches correspond to the soft and the hard state, respectively,
while the lines that connect these branches correspond to the in-
termediate state. The fact that the horizontal lines do not overlap,
but are traced at different X-ray luminosity, indicates a strong
hysteresis effect. An explanation of the hysteresis pattern and the
direction in which the source moves in the HID (anticlockwise)
has been given by Kylafis & Belloni (2015).
When BHBs are in the hard (HS) and hard-intermediate
(HIMS) states, their X-ray spectrum in the 2-200 keV band is
well represented by a power-law function that falls exponentially
at high energies. Reflection components, such as iron line emis-
sion at 6.4-6.6 keV and an excess of emission around 20-30 keV,
are commonly observed. BHBs also exhibit strong emission in
the radio band, whose origin is attributed to a compact, partially
optically thick, mildly relativistic jet.
There is growing evidence that the inclination of the binary
orbit with respect to the observer’s line of sight plays an impor-
tant role in the determination of the characteristics of the de-
tected emission. Ponti et al. (2012) studied the winds emitted by
the accretion disk and concluded that, because of the small open-
ing angles, they are only observed in high-inclination systems.
Mun˜oz-Darias et al. (2013) showed that inclination has a strong
effect on the evolution of BHBs through the HID. The q-track in
the HID of low-inclination systems displays more square shape,
while that of high-inclination BHBs has more triangular shape.
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Table 1. List of outbursts and sources. The fourth column gives the total exposure time of all the observations analyzed. The fifth
column gives the number of observations used in the spectral and timing analysis (blue empty circles in Fig. 1) over the total number
(blue empty circles plus black dots in Fig. 1).
Object Outburst MJD interval Total exposure Number of Inclination NH
epoch time (ks) observations ×1022 cm−2
4U 1543–475 2002 52443–52565 275.4 20/112 Low 0.43 (1)
MAXI J1836–194 2011 55804–55896 116.9 69/74 Low 0.3 (7)
Cyg X–1 2003–2004 52693–53182 367.4 147/151 Low 0.54 (3)
GX339–4 2002 52311–52884 495.6 48/267 Intermediate 0.4 (1)
2004 53050–53498 565.2 152/328
2007 53769–54678 572.6 191/347
2010 54889–55618 326.0 107/317
XTE J1650–500 2002 52159–52447 327.9 47/182 Intermediate 0.7 (1)
Swift J1753.5-0127 2005 53553–53819 188.1 72/73 Intermediate 0.2 (5)
2007–2011 54226–55894 607.2 275/278
XTE J1550–564 2000 51644–51741 128.7 36/236 High 0.65 (1)
2001–2004 51938–53163 306.5 69/101
GRO J1655–40 2005 53423–53685 2238.3 68/501 High 0.8 (1)
H 1743–322 2003 52740–53055 668.0 42/194 High 2.4 (1)
2004 53197–53329 79.1 19/49
2005 53595–53668 46.4 11/23
2008a 54746–54789 90.8 18/27
2008b 54743–54849 68.6 36/38
2009 54980–55039 93.4 15/51
2010a 55220–55245 47.8 21/33
2010b 55418–55470 106.8 25/58
2011 55664–55735 48.2 19/39
XTE J1752–223 2009 55130–55414 408.2 113/207 Intermediate 0.6 (6)
XTE J1817–330 2006 53768–53950 382.3 20/140 High? 0.15 (1)
GS 1354–645 1997 50774–50840 50.5 7/9 High 3.72 (1)
MAXI J1543-564 2010 55465–55567 154.0 6/100 High 1.4 (2)
Swift J1842.5–1124 2008 54656–54803 83.2 31/49 High 0.4 (8)
XTE J1859+226 1999 51463–51749 356.5 25/127 High 0.34 (1)
XTE J1118+480 2000 51633–51764 138.7 47/50 High 0.01 (1)
2005 53383–53428 71.7 27/39
MAXI J1659–152 2010 55465–55567 140.9 39/66 High? 0.27 (4)
(1) Dunn et al. (2010); (2) Stiele et al. (2012); (3) Hanke et al. (2009); (4) Jonker et al. (2012)
(5) Cadolle Bel et al. (2007); (6) Chun et al. (2013); (7) Russell et al. (2014)
They also found that the accretion disks in high-inclination sys-
tems look hotter than in low-inclination systems.
The results of these two works are based on observations
mainly in the soft state, when the radio jet is absent. Inclination-
dependent differences have also been reported in the HS and
the HIMS, when the jet is present. Heil et al. (2015) found that
high-inclination BHBs display larger hardness ratios than low-
inclination systems with similar power spectral shape. The rms
variability, however, was not seen to be different in low- and
high-inclination systems.
Motta et al. (2015) found that the amplitude of low-
frequency type-C quasi-periodic oscillations (QPOs) is stronger
for nearly edge-on systems (high inclination), while type-B
QPOs are stronger when the accretion disk is closer to face-
on (low inclination). In contrast, the broad-band noise associ-
ated with type-C QPOs is stronger in low-inclination sources.
They concluded that these two types of QPOs and the broad-
band noise associated with type-C QPOs correspond to different
phenomena. While type-C QPOs are consistent with the trun-
cated disk model and arise from relativistic precession of the
inner hot flow, type-B QPOs are likely associated with the radio
jet. The broad-band noise likely comes from fluctuations in the
mass accretion rate.
van den Eijnden et al. (2017) performed a systematic analy-
sis of the inclination dependence of phase lags associated with
both Type-B and Type-C QPOs in Galactic black hole binaries.
They found that the phase lag at the Type-C QPO frequency
strongly depends on inclination, both in evolution with QPO
frequency and sign. As the QPO frequency increases, the low-
inclination systems tend to display larger positive (i.e. hard) lags,
while high-inclination systems turn to negative (i.e. soft) lags.
Finally, Motta et al. (2018) investigated the correlation be-
tween the radio and the X-ray emission in BHBs and found
that high-inclination objects tend to be radio-quiet, while low-
inclination systems appear to be radio-loud.
Recently, we performed a detailed study of the HS and the
HIMS of BHBs as a class and found a correlation between the
photon index of the power-law component and the time lag of the
hard photons with respect to the softer ones (Reig et al. 2018;
Kylafis & Reig 2018). We showed that up-scattering of low-
energy photons (from the accretion disk) by highly-energetic
electrons (in the jet) can explain the correlation. Although the
correlation is statistically significant, it exhibits a large amount
of scatter. The main goal of the present work is to investigate
the effect of the orbital inclination on the correlation between
the time lag and the photon index in BHBs. As in previous
works that study the effects of inclination on the properties of
BHBs, we assume that there is no intrinsic physical difference
among BHBs, hence any systematic difference in the correlation
at different inclinations must be attributed to this parameter. We
conclude that the scatter in the correlation found by Reig et al.
(2018) can be explained as an inclination effect. The scatter is
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Fig. 1. Hardness-intensity diagrams. Each point corresponds to one observation. The blue empty circles identify the observations
used in the final lag-spectral analysis. The magenta stars indicate observations with a photon index close to Γ ≈ 2, which roughly
separates the HS from the HIMS.
due to the fact that we see the systems at different jet viewing
angles.
2. Observations and data analysis
The data presented in this work has been downloaded from the
Rossi X-ray Timing Explorer (RXTE) archive.We have followed
the same analysis procedure as explained in Reig et al. (2018),
with the only difference that here we have used the proportional
counter array (PCA) only, to minimize the effect of reflection on
the X-ray continuum.
Due to RXTE’s low-Earth orbit, the observations consist of a
number of contiguous data intervals or pointings (typically 0.5–1
h long) interspersed with observational gaps produced by Earth
occultations of the source and passages of the satellite through
the South Atlantic Anomaly. For each observation, we have ob-
tained the average energy spectrum over the energy range 2–25
keV and the light curves in the energy ranges 2 − 6 keV, 9 − 15
keV, and 2 − 15 keV. The number of observations is given in
Table 1. Due to the varying number of detectors (from 1 to 5)
in the observations and to avoid calibration effects, for the spec-
tral analysis, including the HID, we used only the proportional
counter unit 2 (PCU2). For the timing analysis, we have used
all PCUs that were on during the observations, because we have
performed the timing analysis on segments of data 64 seconds
long. In this way we increase the signal-to-noise with respect
to the case of one detector only. To have a reasonable quality
of the observations, we have considered only those with an av-
erage count rate1 of at least 20 c s−1 in the 2–15 keV energy
1 The reason that the rate of some data points (blue circles) goes be-
low 20 c s−1 in Fig. 1 is because that figure was made using rates from
range and at least 640 s of contiguous observations, i.e. without
gaps (10 segments of 64 s each). To extract the observations that
correspond to the HS and HIMS, we have selected observations
with rms, in the 0.01–30 Hz frequency range and in the 2-15
keV energy range, larger than 10%. The time resolution of the
light curves used to create the power spectra and to perform the
time-lag analysis was 2−7 s.
The time lag has been computed for the 9 − 15 keV photons
with respect to 2 − 6 keV ones and has resulted from the aver-
age of the time lag in the frequency range 0.05–5 Hz. To obtain
the photon index, we have fitted an absorbed broken power-law
model to the spectral continuum. The hydrogen column density
has been fixed to the values given in Table 1. A narrow Gaussian
component (line width σ <∼ 0.9 keV) has been added to account
for the iron line emission at around 6.4 keV. The photon index
used in our analysis is the one that corresponds to the hard power
law, that is, after the break. In support of the use of this phe-
nomenological model is the fact that the reduced χ2 in 94% of
the fits resulted in a value smaller or equal than 2 (85% smaller
than 1.5).
2.1. Source selection
As a starting point, we have used the list of sources presented
in Table 1 of Motta et al. (2018). However, because the incli-
nation effects may be rather subtle, we wish to have the clean-
est possible sample of sources. Thus, we have selected sources
with i) well-sampled outbursts or a large number of observations
in the RXTE archive, ii) densely populated HS, and iii) well-
one PCU only, while the data selection was done with all the PCUs that
were on.
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constrained values of the inclination (see Motta et al. 2015 and
Motta et al. 2018 for an explanation of the method employed to
infer the system inclination). We have chosen systems for which
the range of the inclination values, given in Motta et al. (2018),
clearly fall in one of the following categories: low-inclination
BHBs (Li-BHBs), intermediate-inclination BHBs (IMi-BHBs),
and high inclination BHBs (Hi-BHBs) depending on whether the
angle between the observer’s line of sight and the perpendicular
to the orbital plane is smaller than 35◦, between 35◦ and 70◦, and
larger than 70◦, respectively.
These constraints reduced the number of sources to nine,
three for each group. These are (see Table 1): 4U1543–
475, MAXI J1836–194, and Cyg X–1 (Li-BHBs), GX339–
4, XTE J1650–500, and Swift J1753.5–0127 (IMi-BHBs) and
XTE J1550–564, GRO J1655–40, and H 1743–322 (Hi-BHBs).
We shall discuss other sources in Sect 3.2.
3. Results
We begin our analysis by generating the HID for each source as
shown in Fig. 1. In this Figure, each data point represents the av-
erage count rate of one observation and was obtained using 16-s
binned light curves. The black filled circles represent the com-
plete data set, while the blue empty circles are the observations
that we have selected to obtain time lag and photon index. They
correspond to the HS and the HIMS. Star symbols separate ap-
proximately the HS from the HIMS and roughly corresponds to
a photon index of Γ ≈ 2 (see below).
Fig. 2 shows the correlation between the time lag and
the photon index for Li-BHBs (top panel), IMi-BHBs (middle
panel), and Hi-BHBs (bottom panel) for individual systems and
individual outbursts. Li-BHBs show a very tight correlation. As
the inclination increases, the scatter increases. To produce Fig. 2,
the individual observations of each source were binned in Γ bins
of size ∆Γ = 0.1. The data points correspond to the weighted
average of all the observations that fell in the corresponding bin.
Fig. 3 shows the average behavior for each one of the three
groups in Fig. 2. Fig. 3 has been generated in the same way as
Fig. 2, but this time all the observations of all the sources of the
same group and of the same Γ bin have been merged together
and averaged.
3.1. Correlation analysis
We have performed three different, but related, analyses. First,
we have examined how strong the correlation between the time
lag and the photon index is. This has been done with the correla-
tion coefficient ρ. The closer ρ is to 1, the stronger the correlation
is. Second, we have checked whether the correlation is statisti-
cally significant. This has been done by testing the null hypoth-
esis that the two variables are uncorrelated, using the t-statistic
t = ρ
√
(N − 2)/(1 − ρ2), where N is the number of data points.
The smaller the probability p, the more significant the correla-
tion is. Finally, we have performed a linear regression analysis
to fit a straight line to the data. We have used the bisector BCES
(bivariate correlated errors and intrinsic scatter) method follow-
ing Akritas & Bershady (1996). This method takes into account
both the individual errors and the intrinsic scatter. Moreover, this
method is more appropriate than the traditional least squares
estimator, because, since there is no a priory reason to choose
one of the two variables as the independent variable, the BCES
method uses the bisector of the two lines that correspond to the
least-square fit of Y on X and X on Y.
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Fig. 2. Correlation between the time lag and the photon in-
dex for individual systems. Top panel: low-inclination systems.
Middle panel: intermediate-inclination systems. Bottom panel:
high-inclination systems.
1 1.5 2 2.5
Γ
0
0.01
0.02
0.03
0.04
Ti
m
e 
la
g 
(s)
i < 35°
35° < i < 70°
i > 70°
Fig. 3. Average correlation between the time lag and the photon
index for Li-BHBs (i ≤ 35◦, black squares), IMi-BHBs (35◦ <
i ≤ 70◦, red dots), and Hi-BHBs (i > 70◦, blue triangles).
The precise instant at which the source transits from the HS
to the HIMS is difficult to identify with X-ray data only, because
the properties of the HIMS are consistent with being the exten-
sion of those of the HS (Belloni 2010). The tlag − Γ correlation
is positive at low Γ and becomes negative at high Γ. Although
the point at which the slope of the tlag − Γ correlation changes
may not coincide with the transition from the HS to the HIMS,
the correlation becomes negative during most part of the HIMS
(Kylafis & Reig 2018). We have performed our analysis on the
data points that contribute to the positive correlation, that is, for
Γ ≤ 2. In terms of spectral states, our analysis includes all the HS
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Fig. 4. Time lag versus photon index for XTE J1752-223 and
XTE J1817–330.
and perhaps the onset of the HIMS for some sources. To facil-
itate the visualization, we have drawn a vertical dashed-dotted
line in Figs. 2 and 3 and marked the points with Γ ≈ 2 with a
magenta star in Fig. 1.
We have a pair (Γ, tlag) for each observation. Because of the
large number of observations analyzed and for the sake of clarity,
as we discussed above, the data presented in Figures 2 and 3 have
been binned in Γ with a bin size of ∆Γ = 0.1. The results of the
analysis are given in Table 2 for the data sets shown in Fig. 3 and
can be summarized as follows:
– Li-BHBs and IMi-BHBs display a distinct and strong corre-
lation with correlation coefficients ρ >∼ 0.9. In Hi-BHBs, the
correlation is weaker.
– The correlation is significant above 99% confidence level for
Li-BHB and IMi-BHBs and >∼95% for Hi-BHBs. In other
words, the probability that the two variables are uncorrelated
is small.
– As the inclination increases, the scatter of the correlation also
increases (Fig. 2).
– At Γ<∼1.6, the amplitude of the lags is similar for all systems.
Above this value, IMi-BHBs show, on average, longer time
lags than the rest.
– The slope of the linear regression of the Li-BHBs is con-
sistent with that of the IMi-BHBs within errors and signifi-
cantly (4.5σ and 11.5σ, respectively) different from zero. In
Hi-BHBs, the slope is different from zero at ∼ 3σ.
3.2. Other sources
In this section, we investigate how the selection of sources af-
fects the statistical analysis performed above. In Table 1 of
Motta et al. (2018), there are two sources (XTE J1752-223 and
XTE J1817–330) with an estimated inclination of 5 − 60◦. Thus
they belong to either the Li-BHB or the IMi-BHB group. In ad-
dition, another three sources have intermediate inclination, but
we do not include these three sources in our analysis. A 0620–
00 due to lack of RXTE observations, GRS 1915+105 due to its
peculiar behavior, and MAXI J1659–152 because its inclination
is uncertain: while Motta et al. (2018) give an inclination angle
in the rage 30 − 70◦ based on the overall amplitude of the type-
C QPO, Kuulkers et al. (2013) suggest i ∼ 65 − 80◦ based on
the presence of intensity drops, possibly attributed to absorption
dips or partial eclipse.
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Fig. 5. Average correlation between the time lag and the photon
index for different selections of sources. The blue dashed line
corresponds to the Hi-BHB group with the addition of GS 1354–
645, XTE J1859+226, Swift J1842.5–1124, and MAXI J1543-
564.
Figure 4 shows the Γ − tlag pairs for XTE J1752-223 and
XTE J1817–330. While XTE J1752-223 shows a clear correla-
tion, confirming it as a Li-BHB or IMi-BHB, the relationship
between the lags and the photon index in XTE J1817–330 re-
sembles that of Hi-BHBs. As Motta et al. (2015) pointed out, the
inclination measurements mainly rely on the assumption that ab-
sorption dips and wind-related features are a strong indication of
high-orbital inclination. No such features have been detected in
XTE J1817–330. However, this non-detection does not guaran-
tee that they may not appear in future observations. Thus, a Li-
BHB, whose classification is based on these criteria, may turn
into a Hi-BHB if new observations reveal dips in the X-ray light
curve. The opposite, i.e., a Hi-BHB turning into a Li-BHB, can-
not happen.
In addition to XTE J1550–564,GRO J1655–40, and H 1743–
322, the list of sources of Motta et al. (2018) contains other Hi-
BHBs with an apparently reliable estimate of the inclination:
XTE J1908+094, XTE J1118+480, GS 1354–645, V404Cygni,
and XTE J1859+226. Of these five sources, we have not an-
alyzed XTE J1908+094, because during most of the observa-
tions it was offset by > 25′ with respect to the center of the
field of view, since there was a nearby strong X-ray source
4U1907+09 (that was actually the target of the observation).
We remind that the PCA/RXTE had no imaging capabilities and
that the field of view was ∼ 1◦. The RXTE archive does not
have data of V404Cygni. We have also ignored XTE J1118+480
because the observations sample a very narrow part of the HS
branch. In fact, during the 2005 outburst, the observation seems
to cover the transition from the HS to the quiescent state at
the very end of the decaying phase of the outburst. Another
five sources, XTE J1748-288, Swift J1842.5–1124, IGR J17177–
3656, 4U1630–47, and MAXI J1543-564 are classified as high-
inclination objects, without specifying any value for the in-
clination angle. XTE J1748-288 and IGR J17177–3656 suffer
from source confusion as there are other sources in the field of
view and are offset with respect to its center. Also, 4U1630–
47 was always in the soft state. The inclusion of GS 1354–645,
XTE J1859+226, Swift J1842.5–1124, and MAXI J1543-564 to
the initial group of Hi-BHBs does not alter significantly the slope
of the correlation.
Figure 5 shows the slopes for different selections of sources.
We do not see substantial differences. The largest difference is
5
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Table 2. Results of the linear regression and correlation analysis for Γ ≤ 2. Here ρ is Pearson’s correlation coefficient, N is the
number of points, and p the probability that the null hypothesis (no correlation) is true. ”Low” refers to systems with i ≤ 35◦,
”Intermediate” to 35◦ < i ≤ 70◦, ”High” to i > 70◦.
Slope Intercept ρ N p-value
Low 0.0273 ± 0.0061 −0.0373 ± 0.0101 0.88 7 8.4 × 10−3
Intermediate 0.0279 ± 0.0024 −0.0338 ± 0.0041 0.99 9 2.4 × 10−7
High 0.0101 ± 0.0030 −0.0093 ± 0.0049 0.75 8 5.0 × 10−2
found when the source XTE J1752-223 is assumed to be a Li-
BHB. However, no difference in the slope of the correlation is
found if the source is included in the IM-BHB group. Therefore,
we conclude that the inclination angle of XTE J1752-223 must
be in the range 35◦ − 70◦.
3.3. Jet model: Monte Carlo simulations
We have developed a model that simulates the process of inverse
Compton scattering in a jet. Low-energy photons, presumably
from the accretion disk, are up-scattered by energetic electrons
moving outwards at mildly relativistic speeds in the jet. We as-
sume the jet to be parabolic with a finite acceleration region.
The parameters of the model are: the optical depth along the
jet’s axis τ‖, the width of the jet at its base R0, the parallel, v0, and
perpendicular, v⊥, components of the velocity, or equivalently
the Lorenzt factor γ = 1/
√
1 − (v2
0
+ v2⊥)/c
2, the distance z0 of
the bottom of the jet from the black hole, the total heightH of the
jet, the temperature Tbb of the soft-photon input, the size z1 and
the exponent p of the acceleration zone, where v‖(z) = (z/z1)
p v0,
for z ≤ z1, and v‖(z) = v0 for z > z1.
The jet model used here is the same as the one used in
Reig et al. (2018) and Kylafis & Reig (2018). The novelty of the
version used in this work is that we now compute the dependence
of the escaping photons as a function of the angle θ between
the observer and the jet axis. We have used ten different bins in
w = cos θ, each with size ∆w = 0.1, covering the range from
w = 0 to w = 1. In terms of w, the different categories of sources
are defined as: 0.8 < w ≤ 1 for Li-BHBs, 0.3 < w ≤ 0.8 for
IMi-BHBs, and 0 ≤ w ≤ 0.3 for Hi-BHBs. We note that we have
not found substantial differences by considering 0.9 < w ≤ 1 for
Li-BHBs and 0.3 < w ≤ 0.9 for IMi-BHBs. Because the num-
ber of photons that scatter in the direction perpendicular to the
jet axis (0 ≤ w ≤ 0.3) is considerably smaller than at other di-
rections, we increased the number of input photons by an order
of magnitude with respect to our previous works. Here we have
used 108 photons. This increases the computing time but ensures
good statistics in all the bins. Typically, the fraction of photons
that escape from the jet distributes as 2–3% in w = 0.0 − 0.3,
35–45% in w = 0.3−0.8, and 40-45% in w = 0.8−1.0. The rest,
about 10 − 20%, are emitted toward the accretion disk.
The variousMonte Carlo models that we have run differ only
in the value of the optical depth τ‖ (or equivalntly in the density)
and the width of the jet at its base R0, while the rest of the pa-
rameters are fixed at the following reference values: z0 = 5rg,
H = 105rg, v0 = 0.8c, v⊥ = 0.4c, z1 = 50rg, p = 0.5, and
Tbb = 0.2 keV, where rg = GM/c
2 is the gravitational radius. We
assume a black-hole mass of 10 M⊙.
For each model and each angle bin, the code generates an
energy spectrum and two light curves in the same energy bands
as those chosen for the data analysis, namely 2−6 keV and 9−15
keV. The relevant parameters in this study are the photon index
of the power-law spectral continuum and the time lag between
0
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Fig. 6. Comparison of data (dot-filled symbols) and models (ma-
genta stars). The lines represent the best linear fit to the mod-
els. The three larger symbols correspond to three representative
models: τ‖ = 10 and R0 = 50rg (square), one with τ‖ = 5 and
R0 = 140rg (triangle), and one with τ‖ = 2.75 and R0 = 250rg
(circle).
the detection of hard photons (9− 15 keV) with respect to softer
photons (2 − 6 keV).
The shape of the simulated energy spectra is indeed well
represented by a power-law with a roll over at high energies,
as observed in real data. To determine the model photon index,
we fit the spectra with a power-law and an exponential cutoff.
The light curves are processed in the same way as the real light
curves to derive the time lag. We compute the cross-spectrum,
defined as C(ν j) = X
∗
1
(ν j)X2(ν j), where Xi(ν j) is the Fourier
transform of the time series and the asterisk denotes complex
conjugate. The phase lag between the signals in the two bands
at Fourier frequency ν j is φ(ν j) = arg[C(ν j)] [the position angle
of C(ν j) in the complex plane] and the corresponding time lag
tlag(ν j) = φ(ν j)/2pi ν j.
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4. Comparison of the model with the observations
Our aim is to investigate whether Comptonization in an extended
jet can explain the different correlations between the photon in-
dex and the time lag shown in Fig 2.
We assume that the jet axis is perpendicular to the orbital
plane, hence the orbital inclination and the observation angle θ
coincide. In other words, if w ∼ 1, the observer sees the jet along
its axis, whereas w ∼ 0 corresponds to systems in which the
observer sees the jet perpendicularly.
We have proceeded as follows: first we have chosen the mod-
els that reproduce the linear fit of Li-BHBs (top panel in Fig. 2
and black line and black squares in Fig. 3). That is, by chang-
ing τ‖ and R0, we have built a series of models, whose ΓLi−BHB
and tlag,Li−BHB match those of the observations. These two values
have been obtained using only data that fell in the w = 0.8 − 1
range, hence the subindex. Then, using the same models, i.e.,
the same pairs (τ‖, R0), we have obtained (ΓIMi−BHB, tlag,IMi−BHB)
and (ΓHi−BHB, tlag,Hi−BHB), which now correspond tow = 0.3−0.8
and w = 0 − 0.3, respectively.
Our results are plotted in Fig. 6. The black symbols in this
Figure are the same as the colored symbols in Fig. 2 (for Γ<∼2.1),
while the magenta stars correspond to the models. The line is
simply the best linear fit to the model data points and is plotted
for clarity. Given the simplicity of the model and the complexity
and dissimilarity of the data, the agreement is remarkable.
To furher understand the effects of inclination, we have se-
lected three models: one with τ‖ = 10 and R0 = 50rg (big black
empty square in Fig. 6), one with τ‖ = 5 and R0 = 140rg (big
green empty triangle in Fig. 6), and one with τ‖ = 2.75 and
R0 = 250rg (big red empty circle in Fig. 6). It is evident from the
three panels of Fig. 6 that the same jet model produces different
spectra and different time lags at different inclinations.
Heil et al. (2015) showed that high-inclination systems with
a similar power spectral shape tend to show harder emission
(measured as a hardness ratio) than lower inclination systems.
Unfortunately, we cannot test this result with our model, because
we cannot identify similar ”timing states”. In fact, our model
predicts that the X-ray emission is softer at high inclination (note
the shift toward the right of the three models in each panel of
Fig. 6). That is, if we could see the same source from different
viewing angles, we would find a softening of the spectrum (i.e.,
larger photon index) with increasing inclination. This does not
necessarily mean that high inclination systems always display
softer spectra than low-inclination systems. A high-inclination
system may have a harder spectrum than a low-inclination sys-
tem, but if we could see a high-inclination system at a lower
angle, then our model predicts that the X-ray spectrum would be
even harder. Unfortunately, we cannot see the same source from
different viewing angles.
The detection of the 6.4 keV line implies that a reflection
component should contribute to the continuum as well, possibly
affecting the power-law photon index. However, we do not think
that our results are significantly affected by reflection. First,
Bagri et al. (2018) did not find significant differences in the pho-
ton index after adding reflection in the hard state of GX339–4.
They also performed their analysis using RXTE/PCA data over
a similar energy range to the one we used. Second, we restrict
the energy range of the spectral analysis to E < 25 keV, i.e.
leaving outside the energies at which the hump is most promi-
nent. Finally, it appears that reflection dominates once the source
moves well inside the HIMS (Plant et al. 2014), while we limited
most of our study to the HS.
5. Discussion
In a recent work (Reig et al. 2018), we found that BHBs as a
class exhibit a correlation between the power-law photon index
and the time lag between hard and soft photons. When consid-
ered as a whole (many sources), the correlation shows a large
amount of scatter. In this work, we show that the large scatter
of the correlation can be explained as an inclination effect. Low-
and intermediate-inclination systems show a steeper correlation
than high-inclination systems.
In Reig et al. (2018), we demonstrated that Comptonization
in the jet reproduces satisfactorily the observed relationship be-
tween the X-ray spectral continuum emission and the time lag
of hard photons with respect to softer ones. However, due to the
large dispersion in the data, concerns about how significantly the
jet model can constrain the correlation remained. After all, fitting
a model to a cloud of points is much less constraining that fitting
a model to a tight correlation. These concerns vanished when
we reproduced the very tight tlag − Γ correlation in GX339–4
(Kylafis & Reig 2018). In the present work, we go one step fur-
ther in demonstrating the potential of our jet model by repro-
ducing the observed different tlag − Γ correlations of BHBs as a
function of inclination.We emphasize that the same set of mod-
els, that is, the same combination of τ‖ and R0 that were selected
to fit the Li-BHBs correlation were also used to reproduce the
IMi-BHB and Hi-BHBs correlations and that the only difference
was the angle at which the escaping photons were recorded.
Hi-BHBs exhibit a flatter relationship between photon index
and lags. The largest difference is found at larger Γ, i.e., at low
values of τ‖. We explain this as follows: the low−Γ part of the
correlation corresponds to a pure HS, in which presumably the
jet is evolving. In Kylafis & Reig (2018), we showed that in this
state the radius at the base of the jet increases and the optical
depth along the jet decreases as Γ increases. At low Γ, the jet
is narrow and dense (large τ‖). Photons suffer a large number
of scatterings in the lower part of the jet (acceleration region),
but with a small mean free path, and escape the jet almost in
all directions. As the jet radius increases and the optical depth
decreases, photons are able to travel a larger distance along the
jet and enter the region of large flow speed. Forward scattering
of photons by the fast-flowing electrons results in their escape at
small to moderate angles θ. Toward the end of the HS, a fully de-
veloped jet is present. Its size is maximum and its optical depth
is moderate. In this configuration, due to the bulk motion of the
electrons in the outflow, most photons are scattered in the direc-
tion of the flow, have relatively large mean free paths and travel
large distances, thus the hard photons have a long time lag. On
the other hand, very few photons escape perpendicular to the jet
axis (Hi-BHBs), and those that do have traveled short distances.
Hence, high-inclination hard photons have short time lag.
5.1. Comptonization in the jet: a model that cannot be
ignored
Transient BHBs are excellent laboratories to probe the Physics
of accretion and relativistic ejection of matter. Over the past 20
years, and thanks to the state-of-the-art space detector technol-
ogy on board X-ray missions, the phenomenological description
of these states has reached an unprecedented degree of detail.
We are now able to monitor changes in the broad (continuum)
and discrete (lines) components of the energy spectrum and of
a large number of timing parameters (rms, QPOs, lags). This
extraordinary amount of information has not translated into a
unified physical model and disagreement in even the most basic
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level exists. While there is general consensus that hard photons
are produced by inverse Compton scattering, the geometry and
properties of the comptonizing medium are still highly debated.
Different models associate the comptonizing medium with dif-
ferent geometries. It could be an optically thin, very hot ”corona”
in the vicinity of the compact object (Sunyaev & Titarchuk
1980; Hua & Titarchuk 1995; Zdziarski 1998), an advection-
dominated accretion flow (Narayan & Yi 1994; Esin et al. 1997),
a low angular momentum accretion flow (Ghosh et al. 2011;
Garain et al. 2012), the base of a radio jet (Band & Grindlay
1986; Georganopoulos et al. 2002; Markoff et al. 2005).
Since 2003, we have been demonstrating that
Comptonization in an extended jet not only reproduces the
general spectral and timing properties of transient BHBs, but
also the more stringent constraints imposed by the correlation
between spectral and timing parameters. In addition to quanti-
tatively explaining the emerging spectrum from radio to hard
X-rays (Giannios 2005) and the evolution of the photon index
and the time (phase)-lags as functions of Fourier frequency
(Reig et al. 2003), improved versions of our original jet model
have been able to explain the correlation between the time lag
and the X-ray photon index in Cyg X–1 (Kylafis et al. 2008), in
GX339–4 (Kylafis & Reig 2018), and in the class of BHB as a
whole (Reig et al. 2018). Similarly for the correlation between
time lag and cut off energy in GX339–4 (Reig & Kylafis 2015).
In this work, we have shown that the inclination of the sys-
tem has a profound effect on the correlation between photon in-
dex and time lag. We have tested our model against this highly
constraining result and passed it with success. Given the het-
erogeneity of the data, Fig. 6 represents a huge success of the
model.
When one looks at the overall picture, BHBs as a whole
show a similar pattern of variability, supporting the view that
the process of accretion of matter and ejection of a jet is sim-
ilar in all BHBs. After all, the definition of source states has
been possible thanks to the repeatability of the behavioral pat-
terns as the source goes through an outburst. The reality, how-
ever, is more complex than the overall picture. Separate out-
bursts even from the same source can look different. The HS
may appear straight or slightly curved in the HID. The loop of
the q curve may have a rectangular or triangular shape rather
than a rounded shape. A recent study has shown that a sub-
stantial fraction (∼40%) of the outbursts in transient BHBs do
not reach the soft state (Tetarenko et al. 2016). Differences be-
tween sources are most likely related to fundamental properties
of black holes, such as mass and spin, while differences between
outbursts of the same source can be attributed to different mass-
transfer-accretion rates.
The mass and presumably the spin in transient BHBs vary
significantly. We lack studies that link the actual values of these
two parameterswith the physics of accretion and ejection of mat-
ter. It is likely that different combinations of these parameters
generate jets that differ in size, particle density, and velocity. Had
we adjusted the jet parameters, such as the optical depth and the
width of the jet separately in each group, the agreement in Fig. 6
would have been even better.
One very constraining relationship of our model is the fact
that the parameters τ‖ and R0 of the best-fit models follow a tight
correlation. Although their actual absolute values may vary from
source to source, the optical depth and the jet width vary in uni-
son (Kylafis et al. 2008; Reig et al. 2018; Kylafis & Reig 2018).
As the source moves up along the HS branch (right branch in
the HID), the Thomson optical depth along the jet decreases and
the width of the jet increases. The variation of the width of the
10 100 1000
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Fig. 7. Relationship between the optical depth, τ‖ , and the width
at the base of the jet, R0 , for the models that reproduce the cor-
relations.
jet with luminosity is consistent with the idea that the accretion
disk is truncated far away from the black hole during the HS and
approaches it as the source transits to a softer state.
Since the jet is fed by the hot inner flow, the width R0 of the
base of the jet must be smaller than the extent of the hot inner
flow, hence it must be smaller than the distance Rtr of the inner
part of the accretion disk from the black hole. At low luminosity
in the HS, R0 << Rtr. As the luminosity increases in the HS, R0
also increases, but without exceeding Rtr. At some luminosity,
R0 becomes comparable to Rtr. This state would correspond to
the transition between the HS and the HIMS. After that, in the
HIMS, and as the source moves horizontally to the left in this
branch (upper branch in the HID), the width decreases, while
the optical depth remains fairly constant or decreases slightly.
The relationship between τ‖ and R0 for the models used in this
work is given in Fig. 7. Because we have restricted our analysis
to observations with (Γ <∼ 2), the horizontal branch in the τ‖-R0
plot (see Fig. 3 in Kylafis & Reig 2018) is absent in Fig. 7.
Our jet model reproduces the expected trend between lumi-
nosity and truncation radius and provides a clear physical and
independent prediction on the disk truncation radius. However,
the values that we find at around the change of state fromHS into
HIMS (∼ 300 rg) are somehow larger than those obtained from
spectral fits (Basak & Zdziarski 2016; Jiang et al. 2019), X-ray
reverberation (De Marco et al. 2015) and QPOs (Ingram et al.
2017), which typically give Rtr <∼ 100 rg.
In closing, we stress that the correlations between spectral
(photon index, cutoff energy) and timing (time lag, rms vari-
ability, QPOs) parameters in BHBs imply that they are cou-
pled and strongly suggest that these components appear to
have a common underlying origin. The hysteresis of the HID
adds another constraint (Kylafis & Belloni 2015). So far, only
Comptonization in an extended jet has been able to survive all
these tests.
6. Conclusion
We have investigated the effect of the inclination on the corre-
lation between the time lag and the photon index in BHBs. We
have shown that although the correlation holds for all systems,
there is a distinct inclination effect affecting the relationship be-
tween the two variables. High-inclination systems display, on
average, a flatter correlation. This different behavior explains the
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large scatter in the tlag − Γ correlation reported by Reig et al.
(2018), where no distinction for inclination was made.
We have simulated the process of inverse Compton scatter-
ing in a jet and generated theoretical spectra and light curves.
The most remarkable result of this work is the fact that we can
reproduce the observed correlations between time lag and pho-
ton index for systems with different inclination angles, with the
same set of models, by simply looking at the jet with different
viewing angles.
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